Background/Aims: Sepsis is a severe and complicated syndrome that is characterized by dysregulation of host inflammatory responses and organ failure. Cystathionine-γ-lyase (CSE)/ hydrogen sulfide (H 2 S) has potential anti-inflammatory activities in a variety of inflammatory diseases. NADPH oxidase 4 (Nox4), a member of the NADPH oxidases, is the major source of reactive oxygen species (ROS) and its expression is increased in sepsis, but its function in CSE-mediated anti-inflammatory activities remains unknown. Methods: Macrophages were either transfected with CSE, Nox4 siRNA or transduced with lentiviral vector encoding CSE or Nox4, and then stimulated with lipopolysaccharide (LPS). The expression of inflammatory mediators and signaling pathway activation were measured by quantitative PCR (qPCR), ELISA, and immunoblotting. LPS-induced shock severity in WT, Nox4 knockdown and CSE knockout (CSE -/-) mice was assessed. Results: Here we showed that CSE and Nox4 were upregulated in macrophage and mouse in response to LPS. After LPS stimulation, the inflammatory responses were significantly ameliorated by lentiviral Nox4 shRNA knockdown, but were exacerbated by lentiviral overexpressing Nox4. Furthermore, Nox4 mediated inflammation through PI3K/Akt and p-p38 mitogen-activated protein kinase signal pathway. Notably, CSE knockout served to amplify the inflammatory cascade by increasing Nox4-ROS signaling activation in septic mice and macrophage. Similarly, the enhanced production of inflammatory mediators by macrophages was reduced by CSE overexpression. Conclusion: Thus, we demonstrated that CSE/H 2 S attenuated LPS-induced sepsis against oxidative stress and inflammation damage probably largely through mediated Nox4 pathway.
Introduction
Sepsis is rapidly developing conditions with a poor prognosis and high morbidity and mortality [1] . Sepsis and septic shock caused by the microbial invasion of normally sterile
Intracellular ROS and H 2 S measurement
The intracellular ROS production was measured using a H 2 DCF-DA probe as our previously described [16] . At 70% to 80% confluence, cells were stimulated with LPS (1 μg/ml) for 4 h and washed, then incubated with H 2 DCF-DA (20 μM) in medium (37°C, 45 min). After washing twice more, cells were exposed to experimental conditions as described below. Fluorescence signals were analyzed at excitation 485 nm/ emission 535 nm (M1000, TECAN, Switzerland). Data were presented as fold change versus control after background subtraction.
The H 2 S levels in the serum from mice and RAW264.7 cells were measured as previously described [17, 18] . In brief, 30 μL serum or supernatant of macrophages was mixed with 10 μL Tris-HCl (200 mM, pH 8.5) and 70 μL monobromobimane solution (3.5 mM) at room temperature for 1 h. The reaction product sulfide dibimane (SDB) was analyzed with mass spectrometry. The H 2 S concentrations were determined using a curve created with sodium sulfide (0-40 μmol/L) standards and results were presented as fold change versus control.
Inflammatory cytokines detection
Cell culture supernatants and mice sera were analyzed for inflammatory cytokine levels using the commercial ELISA set for the detection of IL-6, TNF-α, IL-1β (from BD Pharmingen), or PGE 2 (Abcam). All assays were performed as recommended by the manufacturers. Optical densities were read on a microplate reader at 450 nm. Results are presented with pg/ml.
NADPH oxidase activity measurement NADPH oxidase activity was assessed as described earlier [16] . Briefly, whole cell membranes or lungs tissue extracts were prepared, Nox activity was measured using a commercially available kit (Genmed Scientifics, Shanghai, China) according to the manufacturer's instructions. The dynamic tracings of NADPHdependent activity were recorded every minute for 15 min with a luminometer (VarioSkan Flash; Thermo Scientific, Waltham, MA, USA). NADPH oxidase activity was expressed as relative luminescence units (RLU), corrected for protein concentration. The differences in NADPH oxidase activity were quantified as the percentage change from the respective control values.
Measurement of total nitrite level and NO production RAW 246.7 cells were plated in 12-well cell culture plates. After indicated treatment, cells were stimulated with or without LPS (1 μg/ml) for 12 h, total nitrite was measured using the nitrite detection Kit (Beyotime Biotechnology, Jiangsu, China) and according to the manufacturer's instructions. In brief, 50 μL each of both the cell-free supernatant and 2 × Griess reagent were mixed for a Griess reagent final concentration at room temperature, and the absorbance was measured at 540 nm and calculated using a standard curve obtained by series concentrations of sodium nitrite.
Treated RAW264.7 were incubated with 10 μM 4-amino-5-methylamino-2′,7′-difluorofluorescein (DAF-FM DA; Molecular Probes) at 37 °C for 45 min. The cells were rinsed and were harvested in PBS. Subsequently, cells were transferred to a black 96-well microplate (Nunc, Thermo Scientific) and then the fluorescence intensity was measured at an excitation and emission wavelength of 495 nm and 515 nm, respectively, using a fluorescence spectrophotometer (M1000, TECAN). The differences in intracellular NO level were calculated as relative fluorescence intensity and were quantified as the percentage change from the respective control values as previously described [19] .
Lentivirus production and infection
All of the lentiviruses were generated in HEK293T after transient transfection with lipofectamine 2000 (ThermoFisher Scientific, Shanghai, China) and plasmids. Lentivirus-containing medium was collected every 24 h for 3 days, and cellular debris was cleared by low-speed centrifugation and passage through a 0.45-µm filter (Millipore, Billerica, USA). The collected medium was concentrated with the PEG-it™ virus precipitation solution (SBI, Mountain View, USA), and pellets containing viral particles were re-suspended with DMEM. The lentivirus was added to the culture medium with the plolybrene (8 μg/mL, Sigma-Aldrich). The infection efficiency of lentivirus was verified under the fluorescence microscope.
Experimental animals and lentiviral transduction
Mice were injected with either saline or lentivirus via their tail veins. In total, 5 injections were administered, on alternate days, over a period of 9 days. For each injection, 0.2 mL of the concentrated viral suspension with a titer of 1×10 8 IU/mL was administered. Mice received an intraperitoneal (i.p) injection of LPS (30 mg/kg) 1 day after the last administration of lentivirus. 24 h after the LPS administration, the mice were sacrificed for measuring inflammatory mediators. The survival of mice subjected to LPS was monitored for 7 days. Control mice were maintained on a standard rodent diet and injected with the same volume of normal saline.
Lysate preparation and western blot analysis
Total lysis of the cells or tissues was carried out with RIPA buffers as described before [20] . The protein concentration was determined by protein assay kit (Thermo scientific). Western blot was performed as previously described [21] . In brief, equal amounts of protein were separated in SDS-polyacrylamide gels and transferred to a nitrocellulose membrane (GE healthcare). The membrane was probed with primary antibody overnight at 4°C. Immunecomplexes were detected by enhanced chemiluminescence (Millipore, Billerica, USA) with horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG as the secondary antibody (ThermoFisher Scientific, Shanghai, China). Signal intensity was quantified using the software Alpha Imager (Alpha Innotech Corp, San Leandro, CA). The results were expressed as fold changes by normalizing the data to the control values.
Morphometric analysis and immunofluorescence staining
At 24 h post-LPS injection, the mice were anesthetized by sodium pentobarbital. The lungs were harvested, fixed with 4% paraformaldehyde and paraffin-embedded. For morphometric analysis, the sections were stained with haematoxylin and eosin (H&E) after deparaffinization and rehydration. For immunofluorescence staining, the lung sections were blocked in PBS with 10% goat serum for 1 h and incubated overnight with primary antibodies at 4°C. Appropriate secondary antibodies were added and incubated for 1 h at 37°C. The nuclei were stained with DAPI. The images were captured by using a fluorescence microscope.
Statistical analysis
Results are expressed as mean ± standard error of the mean (SEM). All data analysis was performed with the use of GraphPad Prism 5 software. Differences between mean values of multiple groups were analyzed by one-way analysis of variance with Tukey's test for post hoc comparisons. Statistical significance was considered at P < 0.05.
Results

Nox4 is involved in LPS-induced inflammatory response in macrophages
We measured the effects of bacterial product LPS on the expression of Nox4 in mouse macrophages. We found that Nox4 was strongly induced by LPS in a time dependent manner Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry (Fig. 1A) . Meanwhile, the inflammatory mediators (NO or total nitrite, PGE 2 , iNOS, and COX-2) and inflammatory cytokines (IL-6, TNF-α, IL-1β) also were analyzed after LPS stimulation. Consistent with the Nox4 expression, the production of inflammatory mediators PEG 2 ( Fig.  1B) , NO or total nitrite ( Fig. 1C) were markedly increased. The expression of iNOS and COX-2 ( Fig. 1D ) and release of inflammatory cytokines (IL-6, TNF-α, IL-1β) ( Fig. 1E ) were timedependently upregulated after LPS stimulation.
Nox4 promotes LPS-induced inflammatory mediators
NADPH oxidase-derived ROS production mediates LPS-induced macrophages activation [19] . Therefore, the intracellular ROS generation and NADPH oxidase activity were analyzed. As shown in Fig. 2A and B, LPS significantly increased intracellular ROS production and NADPH oxidase activity in macrophages. The increased ROS levels and NADPH oxidase activity observed under LPS activation were markedly attenuated with a NADPH oxidase inhibitor DPI administration. We next assessed whether Nox directly controlled inflammatory mediator in LPS-stimulated macrophages. As shown in Fig. 2C and D, DPI attenuated Bar graphs showed quantitative analysis of PGE 2 production; (C) NO production was measured using DAF-FM fluorescence and was presented as % of the control, total nitrite concentration was measured using Griess reagent; (D) iNOS and COX-2 expression were examined by western blot, tubulin was used as loading control; (E) Bar graphs showed quantitative analysis of inflammatory cytokines (IL-6, TNF-α, IL-1β). Data were shown means ± SEM; n=6, # p<0.05, compared with unstimulated cells.
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Cellular Physiology and Biochemistry LPS-induced PGE 2 and total nitrite production. Meanwhile, DPI also markedly induced a significant reduction in iNOS and COX-2 expression in LPS-stimulated macrophages ( Fig. 2E  and F ). In addition, LPS-mediated inflammatory cytokines (IL-6, TNF-α, IL-1β) production was also been attenuated by DPI (Fig. 2G) .
To further evaluate the direct role of Nox4 on LPS-induced inflammation, we transduced lentiviruses harboring short hairpin RNA (shRNA) for Nox4 into macrophages to deplete Nox4 expression (Fig. 3A) . We observed that the increased NADPH oxidase activity and ROS levels under LPS activation were markedly attenuated with lentiviral Nox4 shRNA knockdown ( Fig. 3B and C) . Accordingly, knockdown of Nox4 resulted in ameliorated LPSinduced total nitrite production, consistent with the effect of e-PTIO, a NO scavenger (Fig.  3D) . Meanwhile, the release of inflammatory mediator PGE 2 (Fig. 3E ) and the expression of iNOS and COX-2 ( Fig. 3F) were attenuated by Nox4 knockdown. The production of cytokines (IL-6, TNF-α, IL-1β) was also down-regulated (Fig. 3G) .
Conversely, we transduced lentiviruses harboring Nox4 cDNA to upregulate Nox4 expression. As shown in Fig. 4A , Nox4 expression in lentiviral Nox4 cDNA treatment cells was RAW264.7 cells were incubated with DPI (10 μM), then stimulated with or without LPS (1 μg/ml) for 4 h, ROS production and NADPH oxidase activity was analyzed; Bar graphs showed quantitative analysis of intracellular ROS production (A) and NADPH oxidase activity (B). RAW264.7 cells were stimulated with or without LPS (1 μg/ml) for 12 h, the inflammatory protein expression and cytokines production were analyzed as described in Materials and Methods, respectively; Bar graphs showed quantitative analysis of PGE 2 production (C), total nitrite concentration (D), iNOS expression (E), COX-2 expression (F), and inflammatory cytokines (IL-6, TNF-α, IL-1β) generation (G); β-actin was used as loading control. Data were shown means ± SEM; n=6, # p<0.05, compared with unstimulated cells, $ p<0.05, compared with LPS-stimulated cell. (Fig. 4B and C) . Meanwhile, although overexpression of Nox4 did not affect inflammatory markers at baseline, it significantly exaggerated LPS-induced inflammatory mediators (total nitrite, PEG 2 , iNOS, and COX-2) ( Fig. 4D and E) and cytokines (IL-6, TNF-α, IL-1β) productions (Fig. 4F) in macrophages. These results demonstrated that Nox4 might be responsible for inflammatory mediators in macrophages.
Nox4 mediates LPS-induced signaling pathway activation
We further checked the roles of NADPH oxidase on LPS-mediated PI3K/Akt and mitogenactivated protein kinase (MAPK) signaling activation, which are involved in LPS-mediated inflammatory mediators in macrophage [22] . The p-GSK3β and p-Akt were time-dependently suppressed by DPI or lentiviral Nox4 shRNA treatment in LPS-stimulated macrophages (Fig.   Fig. 3 . Nox4 knockdown inhibited LPS-induced inflammatory response. RAW264.7 cells were transfected with lentiviral shRNA-Nox4 or lentiviral vector, then stimulated with or without LPS (1 μg/ml) for 4 h, intracellular ROS production and NADPH oxidase activity were analyzed as described in Materials and Methods, respectively. Representative picture showed bands of Nox4 expression (A), Bar graphs showed quantitative analysis of NADPH oxidase activity (B) and intracellular ROS production (C); RAW264.7 cells were pretreated with c-PTIO (50 μΜ) and stimulated with or without LPS (1 μg/ml) for 12 h, the inflammatory protein expression and cytokines production were analyzed as described in Materials and Methods, respectively; Bar graphs showed quantitative analysis of total nitrite concentration (D) and PGE 2 production (E), iNOS and COX-2 expression (F), inflammatory cytokines (IL-6, TNF-α, IL-1β) generation (G); β-actin was used as loading control. Data were shown means ± SEM; n=6, # p<0.05, compared with unstimulated cells,
5A and B). Meanwhile, the level of p-p38 was also time-dependently decreased by lentiviral Nox4 shRNA treatment, but there was almost no change in p-ERK level ( Fig. 5C and D) . Furthermore, RAW264.7 cells were treated with LY294002 (a PI3K inhibitor) or NAC (5 mM) markedly reduced LPS-mediated nitrite production (Fig. 5E ). Together, these data supported a pivotal role for Nox4 in mediating inflammatory response in LPS-stimulated macrophages.
CSE/H 2 S system negatively regulates inflammatory response through mediated Nox4 activation
Endogenous H 2 S production is mainly attributed to CSE in macrophages [8, 23] . As shown in Fig. 6A , LPS stimulation rapidly induced CSE protein expression and H 2 S production in macrophages. We then determined the role of CSE/H2S on LPS-triggered inflammatory mediators. Thus, we knocked down CSE expression by siRNA in macrophages, which caused the decrease of H 2 S production in LPS-stimulated macrophages (Fig. 6B) . Interestingly, CSE silencing enhanced Nox4 expression, this could be markedly reduced by Fig. 4 . Overexpression Nox4 exacerbated inflammation response in LPS-induced macrophage. RAW264.7 cells were transfected with lentiviral cDNA-Nox4 or lentiviral vector, then stimulated with or without LPS (1 μg/ml) for 4 h, intracellular ROS production and NADPH oxidase activity were analyzed as described in Materials and Methods, respectively. Representative images of Western blotting for the Nox4 (A), Bar graphs showed quantitative analysis of intracellular NADPH oxidase activity (B), ROS production (C). RAW264.7 cells were stimulated with or without LPS (1 μg/ml) for 12 h, the inflammatory protein expression and cytokines production were analyzed as described in Materials and Methods, respectively; Bar graphs showed quantitative analysis of total nitrite concentration and PEG 2 production (D), iNOS and COX-2 expression (E), and the levels of inflammatory cytokines (IL-6, TNF-α, and IL-1β) (F); Data were shown means ± SEM; n=6, # p<0.05, compared with unstimulated cells; $ p<0.05, compared with LPS-stimulated cells. (Fig. 6C) . Consitantly, NADPH oxidase activity could be markedly reduced by NaHS as well as be decreased by CAT or SOD, a scavenger of O •−2 or H 2 O 2 (Fig. 6D) . In addition, CSE silencing also enhanced LPS-triggered inflammatory response, as evidenced by increased inflammatory mediators (total nitrite, iNOS and COX-2) (Fig.  6E and F) and inflammatory cytokine TNF-α production (Fig. 6G) . Instead, we transduced lentiviruses harboring CSE cDNA to upregulate CSE expression, which caused the increase of H 2 S production in LPS-stimulated macrophages (Fig. 7A and B) . Notably, CSE overexpression by lentivirus markedly reduced Nox4 expression and NADPH oxidase activity (Fig. 7C and D) . Accordingly, CSE overexpression profoundly inhibited inflammatory mediators (total nitrite, iNOS, and COX-2) (Fig. 7E, F and G) and inflammatory cytokine TNF-α production (Fig.  7H) . Collectively, LPS stimulation upregulated CSE/H2S system, which formed a negative feedback loop to inhibit LPS-induced inflammatory responses in macrophages through inhibiting Nox4-ROS. 
Nox4 knockdown protects against LPS-induced septic shock
To evaluate the role of Nox4 in LPS-mediated septic shock, we delivered lentiviral Nox4 shRNA to generate Nox4 knockdown mouse models. Nox4 knockdown mice increased survival rates compared to mice with a single injection LPS treatment (Fig. 8A) . This was associated with less lung injury in the Nox4 knockdown mice (Fig. 8B ). In agreement with this, lentivirus-mediated Nox4 knockdown mice markedly decreased the expression of Nox4 in lungs (Fig. 8C) , accompanied by decreasing iNOS expression (Fig. 8D) . Furthermore, production of serum inflammatory cytokines (IL-6, TNF-α, and IL-1β) (Fig. 8E) markedly decreased in the Nox4 knockdown mice. Together, these data supported that Nox4 played a critical role in inflammatory process in septic mice. 
CSE/H 2 S system is critical for inhibition of septic shock
Next we investigated whether CSE/H 2 S negatively regulated Nox4-mediated inflammatory responses. We used LPS-induced septic shock model in WT and CSE -/-mice. LPS administration could induce CSE expression in major organs and serum H 2 S concentration in WT mouse. CSE -/-mice showed the absence of CSE protein, and serum H 2 S concentration induced by LPS didn't elevated much compared with WT mice (Fig. 9A and B) . Compared with the LPS-stimulated WT mice, the LPS-stimulated CSE -/-mice increased lung injury (Fig.  9C) . More importantly, CSE -/-mice markedly increased Nox4 expression (Fig. 9D ) and NADPH oxidase activity (Fig. 9E) as well as ROS production (Fig. 9F ) in lungs tissues. In agreement with this, LPS-treated CSE -/-mice significantly increased the production of serum IL-1β (Fig.  9G ). These observations indicated that CSE/H 2 S negatively modulated LPS-mediated Nox4 and inflammatory response. 
Discussion
Previous studies have documented that elevated H 2 S suppress inflammatory response on macrophages or mouse to maintain immune homeostasis [24] [25] [26] . In this study, we identified Nox4-ROS as a key signaling pathway that exaggerated inflammatory response in macrophages or septic mouse. Meanwhile, our study also revealed that CSE/H 2 S system modulated inflammatory response through mediating Nox4 signaling in LPS-induced macrophages or septic mouse.
ROS generated under physiological conditions maintain cell homeostasis, but their excessive generation can activate redox-sensitive transcription factors, thereby provoking inflammatory response [27, 28] , thus contributing to the pathogenesis of sepsis. The NADPH oxidases are a major source of intracellular ROS generation in macrophages [29] . Meanwhile, NADPH oxidase-dependent ROS played a detrimental role in lethal innate immune response in sepsis [4, 30] . The role of oxidative stress in septic pathogenesis has been well appreciated [3, 4] ; however, the mechanisms by which oxidative stress contributed to pathogenesis were not well defined. There were at least seven isoforms of NADPH oxidase that have been identified, termed Nox1-Nox5, DUOX1, and DUOX2, and most of them were detected in immune cells, including macrophages [31] . Nox4 was constitutively active, the elevated Nox4 expression directly translated to increase ROS production [32] . Increasing evidences demonstrated that Nox4 played a detrimental role in process of inflammatory diseases, including sepsis [3, 30, 33] . Here, our results clearly showed that Nox4 was significantly increased in LPSinduced septic mice, which was accompanied by increased inflammatory mediators and inflammatory cytokines production. Thus, there is not much doubt that Nox4 played a primary role in LPS-mediated inflammatory response and supported the recent findings that Nox4
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Fig. 9. CSE/H 2 S system was critical for inhibition of septic shock. The CSE -/-or WT mice were intraperitoneally (i.p.) injected with LPS to dectect the CSE expression in main major orgens (A), H 2 S levels (B), lung injury by H&E staining (C), Nox4 expression (D), NADPH oxidase activity (E), ROS production in lungs (F), inflammatory cytokines IL-1β production in plasma (G) ; Data were shown means ± SEM; n=7, # p<0.05, compared with control mice; Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry enhancement played a pivotal role in the regulation of inflammatory responses [30, 34] . Pharmacologic or genetic inhibition of Nox4 limited inflammatory response and inflammatory cytokines release [30, 35] . Accordingly, lentivirusmediated Nox4 knockdown showed significantly improved survival along with decreased production of inflammatory mediators in LPS-induced sepsis. Taken together, our results indicated that Nox4 positively regulated inflammatory activation and suggested that Nox4 might be a potential target for treatment of inflammatory diseases. Over the years, H 2 S is emerging as an important mediator in acute and chronic inflammation [8] . It has been reported that the increased H 2 S circulation detected in the burn injury [36] and its levels correlated with inflammatory and clinical indices in rheumatoid arthritis patients [37] . Moreover, multiple lines of studies, in multiple experimental models, showing that therapeutic elevation of H 2 S concentrations or H 2 S donors can exert anti-inflammation and decrease the mortality caused by endotoxemia [38] [39] [40] . We found that CSE expression was significantly increased in LPS-induced macrophage, which were accompanied by increased inflammatory mediators and inflammatory cytokines production. Similarly, CSE/H 2 S system was increased in abundance in LPS-induced septic mice. Those results suggested that the control of H 2 S synthesis through the induced CSE associated with the regulation of inflammatory signaling. Furthermore, we demonstrated that CSE −/− mice were more susceptible to LPS-induced sepsis accompanied by enhanced inflammatory mediators production. Indeed, on the contrary, overexpression CSE inhibited inflammatory response in LPS-induced macrophage. It is therefore possible that the upregulation of H 2 S synthesis, previously observed in LPS-induced macrophage, may represent a novel endogenous mechanism for limiting inflammation in sepsis.
Numerous studies have demonstrated that NADPH oxidase-dependent ROS played a crucial role in the pathophysiology of sepsis by regulating immune cell activation and ending organ injury [29, 30] . Previous findings have suggested that many negative effectors are induced by inflammatory stimuli, which then functioned as feedback loops to dampen inflammation or induce endotoxin tolerance [41, 42] . For example, exposure of macrophages to LPS resulted in vascular endothelial growth factor expression, which restrained TLR4-NF-κB activation by regulating the PI3-kinase-Akt signaling pathway and SOCS1 expression [41] . In previous study, we have clearly demonstrated that H 2 S, a reducing agent and an antioxidant molecule, is also involved in modulation of intracellular ROS production in a Nox4-dependent manner [20] . An emerging body of evidence suggested that the regulation of CSE expression was subject to redox-dependent mechanisms and was promoted in response to a pro-oxidative cellular environment. In the present study, we provided evidences that upregulation of CSE/H 2 S system in LPS-induced macrophage limited inflammation in sepsis through mediating Nox4. Meanwhile, knockdown of CSE enhanced LPS-induced inflammatory response in macrophages, whereas CSE overexpression reduced inflammatory mediators in macrophages. These observations were consistent with the previous notion that Nox4 was a positive transcriptional regulator of CSE expression and proposed that it might in turn 
